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Abstract 

In general, an effective low-energy Lagrangian model of composite electroweak symmetry 
breaking contains soliton solutions that may be identified with technibaryons. We recall 
how the masses of such states may be related to the coefficients of fourth-order terms in 
the effective Lagrangian, and review the qualitative success of this approach for baryons in 
QCD. We then show how the current theoretical and phenomenological constraints on the 
corresponding fourth-order coefficients in the electroweak theory could be used to estimate 
qualitative lower and upper bounds on the lightest electroweak baryon mass. We also discuss 
how the sensitivity of the LHC experiments could enable these bounds to be improved. 
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1 Introduction 



One of the primary objectives of the LHC experimental programme is to explore the elec- 
troweak symmetry-breaking sector. Theoretical perspectives range between the possibility 
that there is a single elementary Higgs-like boson as in the Standard Model pQ, and the 
possibility that electroweak symmetry is broken dynamically by a new strongly-interacting 
sector that might not yield a recognizable scalar boson, as in traditional technicolour mod- 
els [2]. Intermediate possibilities include composite scenarios in which there is a relatively 
light pseudo-Nambu-Goldstone boson whose couplings might differ observably from those of 
a Standard Model Higgs boson [3]. 

The LHC experiments ATLAS jl] and CMS [5] currently exclude a Standard Model-like 
Higgs boson weighing < 122.5 GeV and between 127.5 GeV and 600 GeV. Open possibilities 
include a heavy Higgs-like boson as in traditional composite models, a (possibly elementary) 
Higgs-like boson with mass 125 ± 2.5 GeV, and an intermediate-mass scalar boson with a 
smaller production cross section and/or observable decay branching ratios than a Standard 
Model Higgs boson. Present LHC data hint at the existence of a scalar boson weighing 
~ 125 GeV [HE], but this remains to be confirmed. 

Independently from the possible existence of a recognizable scalar boson, there are already 
indications that any strongly-interacting electroweak symmetry-breaking sector could not 
simply be a scaled-up version of QCD. For example, QCD-like models would make excessive 
contributions to the electroweak vacuum polarization S (6], and potentially also to T [7]. 
For this reason, there is much discussion of 'walking technicolour' models [8] in which the 
coupling strength of the new strong interaction evolves relatively slowly over an extended 
range of energy scales, reflecting nearly-conformal dynamics. Such a scenario may also help 
suppress flavour-changing neutral interactions in extended technicolour models. 

It is interesting to glean as much information as possible about the possibilities allowed 
for any such novel strongly-interacting sector. For example, in some such scenarios the ef- 
fective low-energy spectrum contains a pseudo-dilaton [H1[T0], a pseudo-Nambu-Goldstone 
boson of approximate conformal invariance. The above-mentioned LHC data constrain such 
a possibility over a wide range of possible pseudo-dilaton masses (TQJHT]. A complemen- 
tary window on possible strongly-interacting electroweak symmetry-breaking sectors could 
be provided by technibaryons, the lightest of which would be stable in many models and 
therefore could be a candidate for cold dark matter [T2j . 

Another window on the electroweak symmetry-breaking sector is provided by the search 
for non-standard interactions between massive vector bosons V, either indirectly via their 
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effects on precision electroweak observables or directly via measurements of VV scattering 
at the LHC Lower limits on VV interactions of fourth order in particle momenta (field 
derivatives) have been derived from crossing, Lorentz invariance and unitarity [13] , which are 
considerably smaller than the upper limits that have been derived from precision electroweak 
data [H]. It has also been argued that the LHC experiments should have the sensitivity to 
improve significantly on the current upper limits [H]. 

The purpose of this paper is to connect the technibaryon and VV scattering windows on a 
possible strongly- interacting electroweak sector, using the Skyrme model of baryons [T5l[T6] . 
The second-order terms in the effective Lagrangian for electroweak symmetry breaking are 
isomorphic to the corresponding terms in the low-energy SU(2) x SU(2) chiral Lagrangian 
for QCD, which is known, in the presence of suitable generic fourth-order terms, to possess 
'Skyrmion' soliton solutions that can be identified quite successfully with baryons [T7JHE]. 
It is therefore natural also to use the Skyrme model to describe technibaryons, at least 
qualitatively [10]. The properties of Skyrmions, in particular their masses, are related to the 
magnitudes of the fourth-order terms in the effective Lagrangian. Therefore, constraints on 
(measurements of) anomalous VV scattering can be used to bound (estimate) the mass of 
the lightest technibaryon, a quantity of potential interest to astrophysical searches for dark 
matter as well as the LHC experiments. 

We find that the present constraints on anomalous VV scattering do not provide very 
strong constraints on the lightest technibaryon mass, though they might be of some inter- 
est for some walking technicolour models. On the other hand, LHC measurements of VV 
scattering could provide much more restrictive information on the possible appearance of 
technibaryons in the multi-TeV range. 

2 Phenomenological Framework 

We work within the framework of the following nonlinear low-energy effective Lagrangian 
for the electroweak symmetry-breaking sector: 

£eff = jT*(D ll Uiy>rf) + -Ls+..., (1) 

where U is a unitary 2x2 matrix parametrizing the three Nambu-Goldstone fields that are 
'eaten' by the W and Z°, giving them masses, v ~ 246 GeV is the conventional electroweak 
scale, and the second, 'Skyrme term' [T5l[T6] 

S = Hr[{DJJ)tf, {D v U)tf\* (2) 
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is scaled by an a priori unknown parameter e. The . . . represent other possible terms of 
fourth and higher orders in a derivative expansion. The effective low-energy chiral Lagrangian 
for QCD has the same form as (CQ), with the electroweak scale v replaced by the pion decay 
constant f n ~ 93 MeV. 

The effective Lagrangian (JTj) necessarily has soliton solutions, because 7r 3 (SU(2)) = Z, 
which have integer baryon number 

B= 2^J [(U^diUXU^djU^U^dkU)] . (3) 

In the case of a nonlinear SU(3) x SU(3) — > SU(3) theory the effective Lagrangian contains 
a Wess-Zumino term NT [19], where N is an integer, and the lowest-lying 5 = 1 baryon is a 
fermion (boson) with / = J — | (/ = J = 0) if N is odd (even). If the underlying strongly- 
interacting theory is a non-Abelian SU(N) gauge theory with fermions, N is identified with 
the number of colours, and in QCD the B = 1 baryon is necessarily a fermion because N = 3. 
In the case of the nonlinear SU(2) x SU(2) —> SU(2) theory ([I]), there is no Wess-Zumino 
term, and the B = 1 electroweak baryon may be either a boson or a fermion, with the latter 
remaining a topological possibility, since 7T4(SU(2)) = Z 2 [20j[21]. Here we leave open the 
question whether the electroweak baryonic 'Skyrmions' are bosons or fermions. 

The masses and other properties of Skyrmions can be calculated in the semiclassical limit 
of large N. We consider such calculations to be quite successful in QCD, where N = 3, and 
assume that they are qualitatively correct also in the electroweak sector. If the masses of the 
strongly-interacting fermions can be neglected, as assumed in technicolour models, numerical 
calculation of the lightest Skyrmion mass yields [16] 

73 

M s ~ — v + ..., (4) 

where the dots represent corrections due, e.g., to collective quantization of the rotational 
degrees of freedom in the fermionic case. In the case of QCD, we replace v by f n , and for 
the I — J — g nucleon the rotational correction takes the form 

AMs = i\> (5) 

where A ~ (27r/3)(25.5/e 3 / 7r ), and the correction is a factor 5 larger in the case of the 
I — J — | A multiplet. 

The fourth-order terms in the effective Lagrangian (CE]) are often parametrized as follows: 

C eff4 = « 4 Tr[(^n 2 ] + a 5 Tr[(V,Vn 2 }, (6) 
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where = (D,JJ)U^. The Skyrme term ([2]) is the antisymmetric combination 
S = 2{Tr [(V^y) 2 ] — Tr [(V^V M ) 2 ]}, and we introduce the orthogonal, symmetric com- 
bination T = 2{Tr [(V^V U ) 2 ] + Tr [(V^Vrf] }. Writing £ eff4 = s ■ S + t ■ T, we see that 

1 a 4 - a 5 014 + «5 , 7 s 

1 — A {') 



32e 2 4 4 

and from eqs. (jlj) and ([7j), using v = 246 GeV we find 

M s ~ 102v^ TeV. (8) 

In the following we use these relations and various theoretical and phenomenological bounds 
on a 4j 5 to constrain e and hence estimate the mass of the lightest electroweak technibaryon 
within the Skyrmion framework. 



3 Bounds on Fourth-Order Chiral Lagrangian Terms 
and the QCD Skyrmion Mass 

In QCD a fit to the I = J = | nucleon and the 7 = J — | A masses, assuming that their 
mass difference of ~ 300 MeV is provided by the semiclassical collective quantization of 
the rotational degree of freedom of the Skyrmion ([5]) and neglecting the light quark masses, 
yielded the value of 65 MeV for /„- (to be compared with the physical value = 93 MeV) 
and e = 5.65 [16]. Bearing in mind the discrepancy in f n , this qualitative historical success 
suggests that the uncertainty in the estimate of the Skyrmion mass is ~ (9(30)%. 

Here we take a different approach, more similar to what we use later in the electroweak 
case, taking f n = 93 MeV from experiment and using data to estimate the magnitude of 
the Skyrme term in QCD. A global fit to the fourth-order terms in the effective low-energy 
Lagrangian of QCD [22] yields [23] 

a 4 = (1.4 ±0.3) x 10" 3 , (9) 
a 5 _a 4 = (-2.7 ± 1.3) x 10" 3 , (10) 

when these parameters are defined at a renormalization scale equal to M p . These ranges are 
in good qualitative agreement with the predictions of the 1/N C expansion. Inserting them 
into ([7]) yields 

s =^2 = (0-7 ±0.3) x 10" 3 , (11) 

and hence e = 7^ 3 . 
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This range lies somewhat above the value e = 5.45 found in [16] from a combined fit 
to the nucleon and A masses, but we are encouraged that it is within a similar ballpark. 
Inserting this range into (J4j) and replacing v by f n = 93 MeV yields the estimate ~ 1000 MeV 
for the nucleon mass, before incorporating the semiclassical correction ([5]) associated with 
collective quantization of the rotational degree of freedom. This is ~ 220 MeV for the central 
value e ~ 7, but is oc e 3 and hence quite uncertain. Nevertheless, we are encouraged that 
the estimated nucleon mass is correct to within about 30%, consistent with the expected 
uncertainty. 

4 Bounds on Fourth- Order Elect roweak Terms and the 
Techni-Skyrmion Mass 

In the case of the electroweak theory, lower bounds on the coefficients were obtained 
in [13], assuming just crossing, Lorentz invariance and unitarity: 

a 4 {v) > 6 x 10~ 4 , (12) 
a 4 (v) + a 5 (v) > 1.1 x 10" 3 , (13) 

where we have noted that are specified at the scale of electroweak symmetry break- 
ing [13]. As might have been expected from the generality of the input assumptions, it is not 
possible to derive useful constraints on the technibaryon mass from (fl3l) . These constraints 
are clearly compatible with either s — > 0, in which case ([8]) would allow an arbitrarily small 
Skyrmion mass, or s — > oo, in which case Ms would be arbitrarily large. That said, one 
might be tempted to consider the possibility that both the bounds ( 1T21 [TBI were saturated, 
with the inference that 

0.25 x 10 -4 , t ~ 2.8 x 10" 4 , (14) 



32e 2 

corresponding naively to e ~ 35 and Ms ~ 0.5 TeV. However, such an inference would be 
unsound, since are subject to important renormalization effects |13j : 



a 4 (/x) = ol±{v) + ^r^ ln ( -J i ( 15 ) 
*M = ^) + ^ln(^y (16) 

If one were to use [i ~ 500 GeV, one would find a reduction in s by ~ 0.9 x 10 -4 , preventing 
the derivation of any estimated bound on Ms- 
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Additional dynamical information is required if interesting bounds on Ms are to be 
derived. For example, upper and lower limits on the magnitudes of the coefficients 0^5 were 
obtained in [14], on the basis of precision electroweak data: 

-0.35 < a 4 (» < °- 06 > 

-0.87 < a 5 (v) < 0.15. (17) 

These are compatible with 04 = 05 and hence s = 0, and so not provide a lower bound on the 
electroweak baryon mass. However, an upper bound on Mg can be obtained by substituting 
a 4 < 0.06 and a 5 > —0.87 into ([7]), obtaining s < 0.23, and hence 

M s < 50TeV. (18) 

This constraint is quite weak, though it might be relevant in the context of some models of 
'walking technicolour'. 

It was also estimated in [TJj that non-observation of 0^5 by the LHC experiments ATLAS 
and CMS would restrict these coefficients to the ranges 

- 7.7 x 10~ 3 < a 4 {v) < 15 x 10~ 3 , 
-12 x 10~ 3 < a 5 {v) < 10 x 10~ 3 . (19) 

If 014,5 were indeed not to be measured at these levels, one could conclude that s < 7 x 10~ 3 
and e > 2.1, hence 

M s < 8.5 TeV. (20) 

We note that both the bounds ( {TBI l20i) are reasonably insensitive to the inclusion of the 
renormalization effects (|T5l [T6|) . which would change 0^5 by ~ 4 x 10~ 3 , 2 x 10~ 3 even if one 
chose fi = 10 TeV. The possible future constraint (120]) is much stronger than the present 
bound ( fTBT) . and may be of relevance to a wider class of technicolour models. 

We have neglected in this Section the semiclassical correction to the Skyrmion mass 
due to collective quantization of the rotational degrees of freedom ([5]), that appears if the 
technibaryon is a fermion but would be absent if it is a boson. This may be estimated on 
the basis of ((5]) to be AM « 7 x 10~ 3 e 3 v = 9.5/ s 3 ^ 2 MeV, corresponding to « 16 GeV if 
the bound f|T9|) is saturated. In fact, as argued in [10], there are at least two reasons why 
the technibaryon should be a boson, at least if it is stable on a cosmological time scale. 
One is that the cold dark matter scattering cross section of a fermionic technibaryon is 
likely to exceed the experimental upper limit [21j. The other is that, although the lightest 
fermionic technibaryon might well be electromagnetically neutral and stable, its nominally 
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unstable charged partner might form stable charged techninuclei □, whose abundance could 
exceed the experimental upper limits on charged relics from the Big Bang [TO]. Thus the 
rotational correction (jSJ) to the techniSkyrmion mass is likely to be irrelevant. Nevertheless, 
the semiclassical mass estimates made here should be treated with caution. 



5 Relation to Vector- Meson Parameters 

Before closing, we recall that a connection may exist between the fourth-order Lagrangian 
coefficients and the masses My. and couplings Gy. of vector mesons. In the framework of 
resonance chiral theory [22], one finds [23] 



°* = 2a " = 4 (2i> 



where in a single-meson dominance approximation it is estimated that Gy = v/y/2. These 
relations can be combined with the constraints (I17[ [T9l to derive present bounds on and 
prospective LHC sensitivities to My in the single-resonance approximation. In both cases, 
we find that the constraint on a 4 is more powerful, yielding 

Present bound : My > 350 GeV, 
Future sensitivity : My > 700 GeV. (22) 

We recall that the corresponding relations in QCD are qualitatively successful at the ~ 30% 
level [23]. However, much as the QCD analogy may not apply to the calculation of the S 
parameter, the single-resonance approximation may not be valid in the class of strongly- 
interacting electroweak models of interest [8]. 



6 Discussion 



In this paper we have explored the connection between the possible mass of the lightest 
electroweak baryon (technibaryon) and fourth-order terms in the low-energy expansion of 
the effective Lagrangian for electroweak symmetry breaking that is provided by the Skyrme 
model. Fundamental considerations based on crossing, Lorentz invariance and unitarity [13] 
do not provide very stringent constraints on the possible electroweak baryon mass, nor do 
present electroweak data [H]. However, a significant improvement in the indicative upper 
limit could be provided by LHC data [14], and further improvement could presumably be 

1 Much as the unstable neutron is present in the Universe today in stable nuclei. 
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obtained using the more precise measurements of VV scattering that would become possible 
at a high-energy e + e~ collider. 

It is an interesting question whether measurements of VV scattering combined with other 
experiments could eventually overconstrain or exclude a strongly-interacting electroweak 
sector of the type discussed here. In this respect, an important issue is whether the lightest 
electroweak baryon is stable, or not. We recall that anomalous electroweak interactions could, 
in principle, cause the lightest electroweak baryon to decay [25] into final states involving 
all the electroweak doublets of the Standard Model, depending on the structure of the new 
strongly-interacting sector. The lifetime of the lightest electroweak baryon could in principle 
be very short in some models, if its mass exceeds a certain critical value [25] . 

If the lightest electroweak baryon is stable on a cosmological time scale, dark matter 
scattering experiments have the potential to detect or exclude a massive neutral electroweak 
baryon [T0"ll2"4"]. In addition, bound states of neutral and charged electroweak baryons might 
form detectable, massive 'techninuclei' [10]. If there is a more massive charged state with a 
lifetime exceeding a nanosecond, it could be detected in a collider experiment. Electroweak 
baryons with shorter lifetimes could be detected through their decays into a plethora of 
Standard Model particles. 

The possible phenomenology of electroweak baryons is very rich, and depends on their 
possible masses. As we have pointed out in this paper, there is a possible connection with 
other electroweak observables that will surely repay further study. 
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